Serine 335 at the active site of d-amino acid oxidase from the yeast Rhodotorula gracilis (RgDAAO) is not conserved in other DAAO sequences. To assess its role in catalysis, it was mutated to Gly, the residue present in mammalian DAAO, an enzyme with a 35-fold lower turnover number with d-alanine. The spectral and ligand binding properties of the S335G mutant are similar to those of wild-type enzyme, suggesting an active site with minimally altered electrostatic properties. The S335G mutant is catalytically active, excluding an essential role of S335 in catalysis. However, S335-OH contributes to the high efficiency of the mutant enzyme since the catalytic activity of the latter is lower due to a decreased rate of flavin reduction relative to wild-type RgDAAO. Catalytic rates are pH-dependent and appear to converge to very low, but finite and similar values at low pH for both wild-type and S335G RgDAAO. While this dependence exhibits two apparent pKs with wild-type RgDAAO, with the S335G mutant a single, apparent pK c8 is observed, which is attributed to the ionization of the aNH 2 group of the bound substrate. Removal of S335-OH thus suppresses an apparent pKc6. Both wild-type RgDAAO and the S335G mutant exhibit a substantial deuterium solvent kinetic isotope effect (z4) at pHb7 that disappears with increasing pH and reflects a pK app =6.9F0.4. Interestingly, the substitution suppresses the activity towards d-lactate, suggesting a role of the serine 335 in removal of the substrate a-OH hydrogen. D
Introduction
The flavoprotein d-amino acid oxidase (EC 1.4.3.3, DAAO) catalyzes the dehydrogenation of the d-amino acids to yield reduced enzyme, the corresponding a-imino acids and, upon hydrolysis, a-keto acids and ammonia (Eqs. (1a) and (1b)). Subsequently reduced DAAO is reoxidized by O 2 to yield H 2 O 2 (Eq. (1c)):
iminoacid þ H 2 OYa-keto acid þ NH 3 ð1bÞ
Comparison of the primary structure and the active site 3D structures of the DAAOs from Rhodotorula gracilis (RgDAAO) [1] and mammals (pkDAAO) [2, 3] reveals that three residues, two tyrosines and one arginine are conserved. These residues are involved in substrate binding: the amino acid carboxylate interacts electrostatically with the g-and q-amino groups of R285 and it forms H-bonds with the -OH groups of the two tyrosines Y223 and Y238. In addition, the substrate a-amino group forms two symmetric H-bonds, in RgDAAO with the backbone CMO group of S335 and with H 2 O72 (see Fig.  1A ) [1] . The third substituent of the substrate aC, the side chain, is oriented toward the hydrophobic binding pocket of the active site.
The role of the active site tyrosines and arginine has been elucidated by studying the properties of corresponding mutants [4] [5] [6] . Specifically, none of these residues plays a role in the chemistry of catalysis, e.g., as H + -abstracting bases. In the free form of RgDAAO (i.e., in the absence of a ligand), R285 might have a role in the stabilization of anionic semiquinone and fully reduced flavin forms since it could rotate to within 3 2 from the pyrimidine flavin moiety [5] . In addition, the Y238 side chain is assumed to act as a lid-controlling substrate/product exchange at the active site of RgDAAO [6, 7] .
In this paper, we report on the role of S335 in RgDAAO. This group is located in the channel connecting the active center to solvent and close to the substrate a-amino group (Fig. 1) , while in mammalian DAAO G313 and a H 2 O molecule are located at the equivalent position [2] . We suspected that S335 plays a role in bringing about the high catalytic efficiency of RgDAAO compared to the mammalian counterpart since the latter has a significantly lower turnover (Rg-and pkDAAO exhibit a k cat =345 and 10 s À1 with d-alanine as substrate, respectively [8, 9] ). In a preceding study, we hypothesized that S335-OH could interact with the aNH 3 + group of the substrate [1, 10] and play a role in the deprotonation of the aNH 3 + group and in the transfer of the resulting H + to solvent. The aim of the present work is to verify this concept and to identify the components responsible for the comparatively high activity of RgDAAO. We have thus mutated S335 to glycine (to implement the setup found in mammalian DAAO), and have investigated the biochemical properties of the mutant in comparison to wild-type RgDAAO.
Materials and methods

Materials
d-Amino acids and all other compounds were purchased from Sigma. Kinetic experiments were performed in 50 mM sodium pyrophosphate, pH 8.5, 1% glycerol, 0.3 mM EDTA, 0.5 mM 2-mercaptoethanol and at 25 8C; the other experiments in 50 mM HEPES, pH 7.5, 10% glycerol, 5 mM 2-mercaptoethanol and 0.3 mM EDTA at 15 8C, except where stated otherwise.
Site-directed mutagenesis, enzyme expression, and activity assay
Enzymatic DNA modifications were carried out according to the manufacturer's instructions and as described in Ref. [11] . The RgDAAO S335G mutant was generated by sitedirected mutagenesis using the Altered Sitesk II Kit [5, 6] and the GCGTATGGCTTCTCCGGTGCGGGATACCAGC primer. The mutation eliminated a XhoI restriction site (italics); the codon for the substitution is underlined. Mutant was screened by restriction analysis. The expression vector (pT7-DAAO mutant) was obtained by sub-cloning the mutant cDNAs into the EcoRI restriction site of the pT7.7A plasmid and the presence of the desired mutations confirmed by DNA sequencing of the final plasmid. pT7-S335G plasmid was used to transform BL21(DE3)pLysS E. coli cells and the highest level of S335G mutant expression and specific activity in crude extracts (2.5 U/mg protein) was obtained by inducing cells with 1.0 mM IPTG in the exponential growth phase (OD 600 c0.8) and cultivation overnight at 30 8C. Fifty milligrams of pure enzyme was isolated from 10 l of culture, a value close to that obtained for other RgDAAO mutants [4] [5] [6] .
RgDAAO activity was assayed with an oxygen electrode at pH 8.5 and 25 8C with 28 mM d-alanine as substrate and at air saturation ([O 2 ]=0.253 mM) [12] . One unit is defined as the amount of enzyme that converts 1 Amol of d-alanine per minute at 25 8C.
Spectral and ligand-binding experiments
The extinction coefficients for the mutant RgDAAO enzyme were determined by measuring the change in absorbance upon flavin release (an e 450 nm =11.3 mM À1 cm À1 for free FAD was used) [4, 12] . Photoreduction experiments were carried out using an anaerobic cuvette containing c8 AM enzyme, 5 mM EDTA, and 0.5 AM 5-deazaflavin with the cuvette immersed in a 4 8C water bath [12, 13] . The solution was photoreduced with a 250-W lamp and the progress of the reaction was followed spectrophotometrically. Dissociation constants for ligands were estimated spectrophotometrically by adding small volumes (1-10 Al) of concentrated stock solutions to samples containing 1 ml of c10 AM enzyme, at 15 8C [4] . The reaction of RgDAAO with d-or l-lactate was performed using an anaerobic cuvette under strict anaerobic conditions even in the presence of glucose and glucose oxidase (see below) [1, 6, 8] .
Time-resolved, stopped-flow spectrophotometry
Rapid kinetic measurements were performed as described previously [6, 8] with a BioLogic SFM-300 stopped-flow instrument equipped with a 1-cm path length and interfaced to a J&M diode-array detector at 25 8C. Spectra were recorded from the time of mixing until completion of the reaction in the wavelength range of 250-700 nm and with a time constant of 1 ms/spectrum. In general, three subsequent blocks of spectra with increasing time constant were recorded. In order to minimize artifacts arising from changes in buffer composition, pH effect experiments were performed in a poly-buffer containing 10 mM H 3 PO 4 , 10 mM citric acid, 10 mM H 3 BO 3 , 200 mM KCl, 1 mM 2-mercaptoethanol, and 1% glycerol. A high KCl concentration was used to buffer against minor changes in ionic strength at different pH values. This buffer was adjusted to the appropriate pH by small additions of HCl or KOH.
For reductive half-reaction experiments, the stoppedflow instrument, enzyme and substrate solutions were made anaerobic as detailed in [6] . As a further control of absence of oxygen from reaction mixtures, some of the experiments were also performed in the presence of 100 mM glucose, 6 nM glucose oxidase, and 0.7 AM catalase [8] . Reactions were performed over a wide range of substrate concentrations (at least five) in order to obtain information about both the saturation of the observed rates of flavin reduction and about K d,app . In general, four to six experiments were conducted for each set of conditions. Rate constants were determined in two ways. First, traces of absorbance vs. time (at 455 and 530 nm) were extracted from the spectra vs. time data set. Additionally, for each set of data, the results of one experiment were analyzed using Specfit/32 software (Spectrum Software Associates, Chapel Hill, NC, USA), a program for the global analysis of data sets. The same program was used for simulations based on a three-step kinetic model (steps k 1 /k À1 , k 2 /k À2 , and k 5 , see Eq. (5a) below). Secondary kinetic data were analyzed by least-means-squares curve fitting procedures and graphics were generated with KaleidaGraph software (Synergy Software, Reading, PA, USA). Rates and dissociation constants were estimated based on the equations of [14] .
Enzyme-monitored turnover experiments were performed with air-equilibrated solutions at 25 8C, in which oxygen was the limiting substrate. Data traces at 455 nm were analyzed with KaleidaGraph using published equations [8, 15] . The concentration of d-alanine (at least five concentrations used) was varied over a sufficient range to give information about both K m and k cat . For all kinetic parameters, we report standard uncertainties of the theoretical fits, assuming that the uncertainties in the individual measurements are approximated by the standard uncertainty of the points from the fitted curve.
Interpretation of pH effects
The effect of pH on kinetic parameters of the reductive half-reaction was analyzed as done previously for the wildtype RgDAAO [10] . To determine the pH dependence of a rate constant in which only a deprotonated form reacts, Eq. (2) was used [16] :
At high pH, k is constant; at low pH, k approaches zero directly in proportion to the decrease in concentration of the deprotonated form. In such a case, a proton is taken up or released by a group directly involved in the measured parameter. Eq. (3a) describes the pH dependence of a rate constant that is modified but not eliminated by the ionization [16] :
When two pK a s are required to fit the data, Eq. (3b) was used [16] :
Solvent kinetic isotope effects and proton inventories
Buffer and substrate solutions for solvent KIE studies were prepared by dissolving the appropriate reagents in D 2 O as previously performed for wild-type RgDAAO [10] . The pH of solutions was adjusted by adding concentrated DCl or NaOD and the equation pD=meter reading+0.4 used to correct for the activity of D 2 O solutions towards the pH electrode [17] . Concentrated S335G RgDAAO solutions in H 2 O were diluted into D 2 O buffers such that the final proportion of D 2 O was 98%, including correction for the protium content of the buffer components, and reductive half-reactions were performed as described above. The solvent KIE was calculated by independently determining values of k red (the rate constant of the first phase of flavin reduction determined at saturating d-alanine concentration; see below) from reductive half-reaction experiments in H 2 O and D 2 O at pL (L=H or D) 6, 7, 8 and 9 and then calculating the ratio of k red values. Proton inventories at pL=6 were done by combining buffer solutions previously adjusted to this pL to give the desired mixture of H 2 O and D 2 O [10] . The experimental data were fitted using Eq. (4) for two protons in movement in the transition state having fractionation factors of 0.4 (k n is the rate constant in n mole fraction D 2 O, and k 0 is the rate constant in H 2 O) [10] :
3. Results
Spectral properties, ligand binding, and substrate specificity of S335G RgDAAO
S335G RgDAAO was purified as holoenzyme and shows a spectrum typical for RgDAAO. The differences among the absorption spectrum of the mutant compared to those of wild-type RgDAAO are minor and consist in a different intensity of the shoulder in the 480-500-nm region (data not shown). The pK a of deprotonation of the N3(H) flavin position (10.8F0.1) was determined by following the absorbance changes at 350 nm as function of pH and is the same within error as that of wildtype enzyme (10.6F0.2). The S335G mutant is catalytically competent: anaerobic addition of a large excess of d-alanine results in immediate reduction of the flavin cofactor, and a spectrum similar to that of reduced wild-type RgDAAO is obtained. Similarly, the mutant exhibits strong kinetic stabilization of the flavin semiquinone anionic species. The extent of this effect was estimated by the method in Ref. [13] as 95% anionic semiquinone compared to 94% for wild-type RgDAAO [4] . Binding of sulfite correlates with the thermodynamic stability of the semiquinone form [5, 18] : the K d value for formation of the sulfite N(5) covalent adduct to S335G (K d =0.23F0.04 mM) is similar to that determined for wild-type RgDAAO (0.12 mM) [4] .
The binding of several ligands was assessed by following the perturbation of the visible spectrum of the FAD upon formation of the complex. Benzoate, anthranilate, and l-aspartate interact more weakly with S335G RgDAAO compared to wild-type enzyme (Table 1 ) [4] . An intriguing observation is the tighter interaction with l-lactate and the loss of capacity of the mutant to use d-lactate as a substrate. Thus, while wild-type RgDAAO is slowly reduced by d-lactate under anaerobic conditions as manifested by the disappearance of the absorption of the oxidized chromophore ( Fig. 2) , under the same experimental conditions with the S335G mutant only the perturbations due to ligand binding are observed (not shown).
The S335G mutant retains the d-stereospecificity since it reacts with d-amino acids, and is not reduced by l-valine or llactate under anaerobic conditions. For the sake of comparison, the activity of the S335G mutant with the neutral d-alanine and the acidic d-aspartate amino acid was studied using the conventional assay method at fixed (21%) [O 2 ] and at pH 8.5 [12] . The apparent maximal activity V max,app (as well as the kinetic efficiency V max,app /K m,app ratio) was lower than that of wild-type RgDAAO, while the K m,app value was unaltered (Table 1) . In contrast to this, the activity of S335G DAAO with the dicarboxylic amino acid d-aspartate, expressed as apparent V max , is identical to that determined for wild-type DAAO. The slightly lower kinetic efficiency of the S335 mutant compared to that of wild-type RgDAAO with the acidic d-amino acid results from the higher apparent K m value of the former.
Steady-state studies with S335G RgDAAO and d -alanine
A characterization of the steady-state kinetics of S335G mutant with d-alanine as substrate was carried out in some detail and at varying d-alanine and oxygen concentrations using the enzyme-monitored turnover method [15] . Fig. 3 demonstrates that, upon mixing of the enzyme with the substrate, there is a first rapid decrease in the oxidized flavin absorption that accounts for c15% of the total changes. This shows that during turnover the enzyme is present largely in the oxidized form, indicating that the overall process of reoxidation of reduced DAAO with oxygen is always faster than the reductive half-reaction. This Steady-state kinetics (at 21% oxygen):
The wavelengths at which ligand binding was studied are indicated in parentheses. All kinetic measurements were made in 50 mM sodium pyrophosphate, pH 8.5, at air (21%) oxygen saturation, and 25 8C. a Ref. [4] .
first phase is followed by a short steady-state period noticeable as a bsaddleQ and then by a further absorbance decrease to reach the final reduced state (Fig. 3) . We refer to Refs. [8, 15] for the method of analysis of the kinetic data and for a description of the corresponding equations. Briefly, Lineweaver-Burk plots of the primary data consist of a set of parallel lines (not shown) such as also found for wild-type RgDAAO [8] . This is consistent with a limiting case of a ternary complex mechanism, where some specific rate constants (i.e., k À2 , the reverse of the reduction rate, see Eq. (5)) are sufficiently small. In comparison to wild-type RgDAAO, k cat is reduced about fourfold, K m for d-alanine is increased twofold, and K m for O 2 is decreased ninefold in the S335G mutant ( Table 2 ). The good correspondence between the U O2 parameters determined for the S335G mutant and wildtype RgDAAO (Table 2) indicates that the oxygen reactivity (k 3 in Eq. (5)) of the E~FAD red~P complex in the mutant has not changed substantially. Thus, the oxidative half-reaction of the mutant was not investigated in detail. With respect to its catalytic mechanism, the S335 mutant does not exhibit dramatic changes compared to wild-type RgDAAO.
The reductive half-reaction of S335G RgDAAO with d -alanine
This process was studied using the stopped-flow instrument by mixing anaerobic solutions of the enzyme with varying concentrations of d-alanine, such that pseudo-first-order conditions were maintained ([alanine]N10-fold [enzyme]). As with wild-type RgDAAO, no spectral changes were associated with formation of the encounter complex. The course of the reaction is biphasic when followed spectrophotometrically (Fig. 4) . In phase 1, the oxidized enzyme is converted to the complex E~FAD red~i minopyruvate (steps k 1 /k À1 and k 2 /k À2 , see Eq. (5a)) that is characterized by a bcharge transferQ absorption at wavelength N500 nm. In the second phase, this intermediate decays to yield a species, the spectrum of which is consistent with the presence of free reduced enzyme (step k 5 in Eq. (5a)).
The secondary plot of the rate constants for the first phase, k obs1 , as function of d-alanine concentration at pH 8.5, shows hyperbolic dependence (see Fig. 4, inset) , in contrast to what was observed with wild-type RgDAAO [8] . With the latter, and under the same experimental conditions, the rate of flavin reduction is such that the reaction is over before data points can be collected (the dead time of the stopped-flow instrument is~2 ms); therefore, a value at saturating substrate concentration for wild-type DAAO was never measured (it was only estimated from double- 
(5a) (5) Table 2 Comparison of steady-state coefficients and kinetic parameters for the reductive half-reaction of wild-type and S335G mutant of RgDAAO with d-alanine as substrate at pH 8.5 and 25 8C
Steady-state kinetics
Reductive half-reaction LineweaverBurk plot reciprocal plots and then validated by traces simulation). The saturation behavior observed for the S335G mutant can be described by the steps of Eq. (5a) and, in the absence of a finite y-axis intercept, the assumption that the reduction step is practically irreversible (k À2 bbk 2 ) is tenable [16, 19] . The lower limits for the k 1 and k À1 rate constants were estimated based on the setup of Eq. (5a) by simulating the experimental spectral courses with Specfit/32 (see Materials and methods for details) [10] . Parameters obtained from fitting procedures and from the simulations are listed in Table 2 and the traces obtained at different substrate concentrations are compared in Fig. 4 to the experimental data points. Simulation results show that the decrease in k 2 for the S335G mutant compared to wild-type RgDAAO is accompanied by a decrease in k À1 of similar magnitude. The second phase in reduction corresponds to step k 5 (Eq. (5)). It is [d-alanine] independent, and its value is similar to that reported for wild-type RgDAAO ( Table 2) . As with wild-type enzyme, since the value of k 5 is much lower than k cat at pH 8.5, it does not play a role in the catalytic cycle.
pH dependence of steady-state and rapid reaction parameters of S335G RgDAAO
For the purpose of comparison, this pH dependence was studied as described earlier for wild-type RgDAAO [10] . The pH dependence of the rate of flavin reduction at saturating d-alanine concentration, k red , for wild-type and S335G RgDAAOs is compared in Fig. 5A . First, over the pH range covered, the rates for the mutant appear to be significantly lower than those for wild-type RgDAAO. One common feature of S335G and wild-type RgDAAO is the increase in rate with pH and the attainment of plateau of activity both at low and high pH. This is better evident with the mutant even if values at pHb6 could not be collected due to instability of the protein. One major difference between the mutant and wild-type enzyme is that the data for the former can be fit satisfactorily using Eq. (3a) (finite value for k 2 at pHbpK a and one ionization) while for the latter a two-ionization equation (Eq. (3b)) is required [10] . 
The utility of k r , which is equivalent to k 2 /K d,app , has been discussed elsewhere [10] . Thus, k r reduces to k 1 when k 2 NNk À1 and can approximate k 1 /2 when k À1 ck 2 . Based on the estimations obtained from simulations (cf. above and Table 3), the lowest limit of k 1 approaches the value of k 2 at pHb8.0. On the other hand, k À1 is bbk 2 at pH values z9.0 and therefore only in this case does k r reduce to k 1 . In contrast, with wild-type RgDAAO k À1 ck 2 at all pH values [10] . With S335G RgDAAO the pH dependence of k r can be fit using the simpler Eq. (3a) and a single ionization (with an apparent pK a c7.8; see Fig. 5B ). This is analogous to what is found for the mutant with k red and is in contrast to the behavior of k r in the case of wild-type RgDAAO [10] .
Apparent binding constants K d can be obtained from the reciprocal of the abscissa intercept in the double-reciprocal plots of k obs1 vs. [d-alanine]. However, based on similar arguments as presented above for k r , such a value corresponds to the true K d (=k À1 /k 1 ) only when k À1 NNk 2 [14] . This situation does not apply to wild-type and S335G RgDAAO at pH values z7.5 (see Table 3 ); thus, the corresponding estimated values are apparent ones. From the data shown in Table 3 , it is apparent that there is a substantial increase in K d,app for S335G RgDAAO below pH 7.5 (this is similar to what was observed with wild-type RgDAAO [10] ). The pK~6.5 that was estimated for wild-type RgDAAO [10] appears to be somewhat lower with the mutant; it cannot, however, be obtained with better precision due to the instability of the protein at low pH.
Product dissociation from E~FAD red~P into free keto acid and NH 4 + corresponds to the second phase in the reductive halfreaction experiments, which is distinct from flavin reduction and which accounts for a small absorbance change at both 455 and 530 nm (see above). The rates of this phase (k 5 in Eq. (5)) are slightly pH-dependent, the values ranging from 1.6 (pH 6.0) to 5 s À1 (pH 9.5). Steady-state studies with the S335G RgDAAO mutant were conducted based on the method of Gibson [15] and were conceived to complement the measurements of the reductive half-reaction described above. The rates obtained for the S335G -) is the fit obtained using Eq. (3b), as reported earlier for wild-type RgDAAO [10] . Curve (2) is the fit obtained using Eq. (3a) for the S335G mutant data, in which k AH has either a finite value or is =0 (-and ---, respectively). Comparison of these two curves (2) demonstrates that for k r a differentiation between the two variants (k r with or without low pH finite values) is not feasible. The inserts in A and B are the same representations as in the main plots; however, they are in logarithmic form to better show the data at low pH. (C) pH dependence of the ratio of the kinetic parameters k red (n) and k r ( . ) determined for wild-type and S335G RgDAAOs. The symbols are the ratio of the experimental data points reported in A and B. Curve (1) is the ratio of fits (1) and (3) for k red of A. Curve (2) is the ratio of curves (1) and (2) for k red of A (see text for further explanations). Curve (3) is the ratio of fits (1) and (2) for k r of B (truncated below pH 6). mutant are slower than those for wild-type RgDAAO and thus easier to evaluate. The pH dependence of the turnover numbers in the pH range 6.0-9.5 is depicted in Fig. 5A . The correspondence of k cat with k red , the rate constant of flavin reduction, demonstrates that this latter step is rate-limiting in this pH range. Table 4 lists the pK a -deduced values for S335G in comparison to those reported earlier for wild-type RgDAAO [10] .
Solvent KIEs and proton inventories in the reductive half-reaction
The rationale for these studies is the hypothesis put forward earlier [10] that S335-OH is involved in deprotonation of the substrate a-NH 3 + . Specifically, such a role should be reflected in the pH dependence of the solvent KIE. A substantial effect is expected at pHbpK a of the group (a-NH 3 + vs. a-ND 3 + ), while at pHNpK a no effect should occur. Rate constants of the reductive half-reaction of wild-type RgDAAO are not affected by prolonged (pre)incubation in D 2 O buffer [10] ; thus (slow) deuterium exchange processes on the protein do not interfere. The reductive half-reaction of S335G was measured in D 2 O buffer at pL (L=H or D) 6, 7, 8, and 9 over a 0.1-210-mM range of substrate concentrations. From the experimental traces substantial KIE on flavin reduction is evident at low pL, while at pL 9 the 455 nm vs. time traces for experiments carried out in H 2 O and D 2 O are practically indistinguishable (Fig. 6 ). An evaluation of data from experiments in H 2 O at all pH values and in D 2 O at pH 7-9 can be achieved using bi-exponential fit routines. This fitting procedure, however, is not feasible with the pD 6 data because of the similarity of the rates for steps k 2 , k À2 , and k 5 . In this case the rate constants were estimated by simulating the experimental traces with Specfit/32 software, which is based on time-resolved spectral deconvolution [10] . For this simulation, known absorbance spectra of E~FAD ox , E~FAD red~P , and E~FAD red enzyme forms were introduced as fixed parameters into the program and yielded a satisfactory correspondence with the experimental trace (Fig. 6) . Similar data simulations were performed on selected sets of experimental data at all pH values, in H 2 O and D 2 O: the rate constants estimated by this method are reported in Table 3 . The results of this analysis are compatible with the solvent H/D substitution affecting only the rates of flavin reduction k 2 , all other kinetic parameters remaining practically unaltered. Table 4 Comparison of apparent ionization constants deduced from the pL dependence (L=H or D) of kinetic parameters for the reductive half-reaction of wild-type [10] The combination of the dependence of k red on pL with that on the solvent (H 2 O or D 2 O) yields the pL dependence of the solvent KIE that is depicted in Fig. 7 . For data fitting, and based on the results of Fig. 6 , the KIE was fixed=1 at pHz9. For the S335G data reported in Fig. 7 , the line through the data points is simply an approximation obtained on the assumption that the KIE approaches a finite value (about 5) at pHb6.
Proton inventories were investigated to assess the number and the location of the exchangeable protons contributing to the observed solvent KIE. At pL=6, where the solvent KIE is large and with the S335G mutant, the proton inventory is not linear (Fig. 7 inset) : it is consistent with an isotope effect generated by two exchangeable sites in the transition state [10] . The overall behavior of the mutant is thus similar to that observed for wild-type RgDAAO and mammalian DAAO [21] . Table 3 . The data are the ratios of the rates of flavin reduction k red (for saturating [d-alanine] ) in H 2 O to those in D 2 O. The continuous line through the wild-type data points (o) is the fit obtained using Eq. (3a) (apparent pK=7.2). That through the S335G data points (n) was generated using an arbitrary (fixed) upper limit=5 for the solvent KIE at low pH (apparent pK=6.6). Inset: Proton inventory for the parameter k red for S335G (n) and comparison with wild-type RgDAAOs [10] at pL 6. The experimental data were fit using Eq. (4).
Discussion
The spectral properties, the extent of flavin radical stabilization, and the pK a for the flavin N(3)-H dissociation of the S335G mutant, which are taken to reflect the microscopic electrostatic environment at the active site, are very similar to those of wild-type RgDAAO. Binding constants (K d ) for most ligands and in particular that for sulfite, which correlate with the redox potential of the flavin [18] , are within one order of magnitude compared to those of wild-type RgDAAO. V max,app for d-alanine with the S335G mutant is lower than that for wild-type RgDAAO and the apparent catalytic efficiency V max /K m for daspartate is essentially unaltered (Table 1) . Taken together, these data suggest that the S335G mutation has only minor effects on the microenvironment at the active site of RgDAAO and it does not affect substrate specificity.
A significant difference with the wild-type DAAO is the lack of any reactivity towards d-lactate following the substitution of S335 (Fig. 2) , pointing to an alteration of orbital orientation required for catalysis between the bound d-lactate and the N(5) flavin position. In a more general context, it should be noted that a significant increase in the activity of RgDAAO towards acidic d-amino acids was observed when an additional positive charge was introduced into the active site with the introduction of an arginine residue at position 213 that also flanks the cavity surrounding the substrate side chain [22] . The absence of any reactivity toward d-lactate for the S335G mutant suggests that the S335-OH contributes an important element to the dehydrogenation reaction, at least in the case of this bslowQ substrate, possibly a function in the removal of the substrate a-OH hydrogen by its side chain as depicted in Scheme 1.
The finding that the S335G mutant studied is catalytically competent excludes an essential role of S335-OH in catalysis. On the other hand, both k cat and k red (the rate of enzyme reduction) are lower for S335G than for wild-type RgDAAO, in particular in the region pH 6-7 (Tables 2 and  3 , and Fig. 5A ). This indicates that this group is a component of the active site machinery responsible for the enzyme catalytic efficiency, probably in optimizing critical steps. One such factor might be the fixation/orientation of the reaction partners such that alignment of the interacting orbital is maximized [1, 23] . A second function, as already suggested for the role in the dehydrogenation of d-lactate (Scheme 1), would consist in the assistance in transfer of H + originating from the substrate aNH 3 + to solvent during catalysis. This is depicted in Scheme 3 (see below) and infers that the role should be evident below the pK of the aamino group of the bound substrate. RgDAAO thus works by (at least) the two different, pH-dependent mechanisms ((a) and (b)) that are depicted in Scheme 2. The difference between these variants is that in (a), concomitantly with dehydrogenation, a H + must be removed from the amino group and transferred to bound solvent this occurring concertedly [10] . This is necessary since at the active center there is no base that could function in stabilizing this H + . The second main difference between the wild-type and S335G RgDAAOs is the different pH dependence of both k red and k r kinetic parameters. In a previous study [10] , the pH dependence of these kinetic parameters for wild-type RgDAAO (Fig. 5) was interpreted as having a plateau of finite activity at low pH: this would be consistent with a dehydrogenation mechanism for which an active site base is not mandatory. The evidence for such a plateau is much clearer with the S335G mutant for both the terms k red and k cat (Fig. 5A) , further supporting the original deduction [1] . The coincidence of the values of k red with k cat for the S335G mutant at all pH values (Fig. 5A ) also demonstrates that k red (equivalent to k 2 , see Eq. (5)) is rate-limiting over the whole range. Further, in Ref. [10] we deduced that the observed pKc8 found with wild-type RgDAAO (curve 1, Fig. 5A ) reflects an ionization in the E~FAD ox~S complex and specifically that of the substrate a-amino group [10, 24] : the alanine pK a =9.7 would therefore be significantly lowered upon binding. The k red and k cat pH profiles for the S335G mutant (Fig. 5A ) are much simpler in their shape, reflecting a single apparent pK a that would be somewhat lowered (Table 4 ). This fully supports the aforementioned pK attribution. Removal of the S335-OH function suppresses a bsaddleQ observed in the profiles of wild-type enzyme that corresponds to an apparent ionization with a pKc6. The present data do not allow an attribution of this apparent pK to a specific microscopic phenomenon or to a combination of kinetic steps. Comparison of the theoretical curve (2) (generated using the low-and high-pH extremes and the pKc8 of curve (1)) to the fit of the S335G RgDAAO data points, curve (3) in Fig. 5A , shows that the two curves have the same pKc8 and similar shapes but that the absolute values of k red differ. If this analogy was taken to reflect similar basic mechanisms, then the difference between curves (1) and (2) in Fig. 5A would thus be related to the effects of the S335-OH group. This difference is better displayed graphically in Fig. 5C : the inflections at pHs c6.5, c8, and c9 in curve (1) originate from the division of the curves (1) and (3) in Fig. 5A that have 2 vs. 1 apparent pKs, respectively. The ratio k r (wild-type)/ k r (S335G) (curve (3) in Fig. 3C ) is c2 at pHN8.5, which is in agreement with the deduction that at high pH k r ck 1 (due to k 2 NNk 1 ; see Eq. (6) and Table 3 ) [20] . This is consistent with k 1 being a H + -independent step, the rate of which is only slightly altered by the S335 mutation (see Table 2 at pH 8.5). Below the apparent pKc8, the importance of S335-OH for k r appears to increase substantially (Fig. 5C, line 3 ): this value approaches the ratio k red (wild-type)/k red (S335G) (compare lines (1) and (3) in Fig. 5C ), indicating that at low pH the effect of the mutation consists in a decrease in k 2 (see above). Furthermore, there is also a significant effect of pH on k À1 the rate of substrate dissociation for the mutant S335G: this rate constant being significantly slower when the substrate is in the R-CH(NH 2 )-COO À form (Table 3) . It should be noted that the increase in the bS335-OH effectQ on decreasing the pH from 8 to 6 corresponds to the increase in the solvent KIE (Fig. 7) , which is assumed to originate in the rupture of (one of) the exchangeable substrate aN-H 3 + bond(s). At pL=6 the proton inventories (Fig. 7, inset) are consistent with an isotope effect generated by two exchangeable sites for S335G and wild-type RgDAAOs. A similarly bowl-shaped solvent inventory profile was reported for mammalian DAAO at pH 6 [21] . A transition state in which two H + are in flight can be envisaged as depicted in Scheme 3.
Thus, a prima facie deduction is consistent with the S335-OH group being involved in the transfer of the H + originating from the substrate aNH 3 + to bulk solvent [10] . With respect to the factors that might give rise to the bsaddleQ, an ionization with a pKc6 can hardly be attributed to the S335-OH group since this would require a shift of c10 units of its pK, an unrealistic assumption. Scheme 2. pH dependence of the mechanism of dehydrogenation of substrate by RgDAAO. Enzyme-bound substrate can exist in its a-amino protonated and unprotonated forms that are linked by a pK a c8. Scheme 3. Possible transition state occurring during the DAAO mediated dehydrogenation of an amino acid substrate in its aNH 3 + form. With RgDAAO the -OH group mediating transfer of H + to the solvent is bcovalently linkedQ to the protein moiety, while with mammalian DAAO it would consist in a probably fixed H 2 O molecule occupying the same position.
